ABSTRACT: A series of nonstoichiometric CdSe clusters with lowest energy electronic absorptions between 409 and 420 nm has been prepared from cadmium 1-naphthoate, 2-naphthoate, 4-thiomethyl-1-naphthaote, and 1-naphthalene thiolate complexes and diphenylphosphine selenide (DPPSe). Pair distribution function analysis of X-ray diffraction data, ligand exchange experiments, and NMR molecular weight analyses suggest the nanocrystal core changes minimally among these clusters despite significant changes to their absorption and luminescence spectra. Photoluminescence excitation spectra obtained at 77 K reveal an energy transfer process between the surface-trapped excited state and the naphthalene-containing ligands that leads to ligand phosphorescence. A Dexter energy transfer mechanism is proposed to explain the observation of ligand phosphorescence on excitation of the cluster. These compounds demonstrate that cluster absorption and trap luminescence can be controlled with surface coordination chemistry. including as a solute reservoir for larger nanocrystals and as building blocks for the assembly of sheet and ribbon structures.
M agic sized clusters of cadmium selenide have been documented in numerous recent reports and are believed to play crucial roles in nanocrystal synthesis, 1−11 including as a solute reservoir for larger nanocrystals and as building blocks for the assembly of sheet and ribbon structures. 1, 12 Many of these studies report a cluster with lowest energy absorption near 420 nm. Based on the energy of the 420 nm transition and a variety of other analytical techniques, including mass spectrometry, a structure with ∼1.5 nm dimensions and a molecular formula of (CdSe) 33−34 has been proposed. 10, 12 A nonstoichiometric formula, Cd 35 Se 28 , with a carboxylate and amine ligand shell has also been proposed. 9 All of these clusters show very similar absorption spectra, although a variety of surfactants and starting cadmium and selenium sources have been used in their preparation.
These clusters are characterized by broad photoluminescence line widths originating from radiative recombination of a surface-trapped exciton. 4, 11, 13 This assignment agrees well with previous studies of trap luminescence in other II−VI nanocrystals. 13−15 The Stokes shift and line width of the luminescence are expected to depend on the coordination chemistry of the cluster surface, both by influencing the energy of the trapped exciton and by modulating the coupling to the vibrational states that broaden the spectrum. For example, Rosenthal suggested that a particular emission feature at 440 nm from CdSe clusters is related to the interaction of phosphonic acid with the clusters surface because its energy was invariant with the particle size. 16 This suggests that coordination chemistry can be used to tailor cluster luminescence spectra, and perhaps increase the photoluminescence quantum yield, which is as high as 11% for clusters with carboxylate and amine ligands. 9, 17 In the present study we use coordination chemistry to tune the steric and electronic environment at the cluster's surface, including the surface electronic states responsible for the trap luminescence. Both the absorption and photoluminescence spectra of the clusters are sensitive to the steric and electronic nature of the anionic (carboxylate or thiolate) ligand in a way that is not readily explained by a change in cluster size. We have also identified a Dexter energy transfer process between the surface trapped excited state of the clusters and the naphthalene carboxylate and thiolate ligands bound to its surface.
We previously utilized benzoate and amine ligands to crystallize a CdSe cluster and proposed a molecular formula [(CdSe) 4 (Cd(O 2 C−C 6 H 5 ) 2 )(H 2 NC 12 H 25 ) 2 ] 7±1 on the basis of Rutherford backscattering spectrometry, NMR spectroscopy of the ligand shell, and solution molecular weight measurements. 9 In the present study we utilize this synthesis to prepare and isolate clusters in which excess cadmium ions balance charge with several naphthalene containing X-type ligands, including 1-naphthoate, 2-naphthoate, 4-thiomethyl-1-naphthoate, and 1-naphthalene thiolate. Specifically, combining Cd(X) 2 , prepared from CdO or CdMe 2 , and the free acid (HX), with dodecylamine (DDA) and diphenylphosphine selenide (DPPSe) at 45°C resulted in slow changes to the UV−visible spectra of aliquots indicative of cluster growth (Figure 1 ). These changes were significantly slower for reactions involving cadmium 1-naphthoate (17 h) than in syntheses using cadmium benzoate (2 h). We hypothesize that a slower crystallization rate is a result of steric hindrance at the growing particle surface because conversion of DPPSe to the tetraphenyldiphosphine ( 31 P −14.5 ppm) and N-dodecyldiphenylphosphinamide selenide ( 31 P 57.3 ppm) coproducts does not limit the rate of cluster formation in both cases. 18 Both the absorption and photoluminescence spectra vary with changes to the ligand structure. 1-Naphthoate-derived clusters display a lowest energy electronic transition at 409 nm and more narrow absorption features (fwhm = 14 nm) when compared to the others, in particular the benzoate-derived cluster (λ = 418 nm, fwhm = 28 nm) (Figure 1, inset) . Clusters derived from 2-naphthoate, 4-thiomethyl-1-naphthoate, and 1-naphtalene thiolate have the lowest energy electronic transitions that fall between these extremes (Figure 2A) . In all cases, the room-temperature photoluminescence spectra are broad and have significant Stokes shifts (>0.75 eV), indicative of trap luminescence ( Figures 2B and 3 ). For example, the benzoate-terminated sample, excited at 410 nm, exhibits a broad luminescence spectrum with a peak maximum at 560 nm and no observable fine structure. The 1-naphthoate-terminated sample shows a broad but featured spectrum with a peak maximum at 550 nm. The luminescence spectrum of the 2-naphthoate-derived cluster is similar in shape to the spectrum of benzoate cluster, although additional ligand-derived features are also observed (see below). Unlike the benzoate-terminated cluster, the quantum yield of the 1-naphthoate-terminated particles is strongly dependent on the concentration of free amine and ranges from 1% to 11% (see Figure 1S in the 
Supporting Information).
19 This may reflect a weaker amine binding and concentration-dependent surface coverage caused by the steric bulk of the 1-naphthoate ligands. 1 H NMR spectra of the isolated clusters also reflect this behavior, where the ratio of amine to naphthoate is less than 1:1 as determined by NMR integration in all isolated 1-naphthoate samples (see Table 1 and Figure 3S in the Supporting Information). 20 Photoluminescence spectra of the naphthoate and naphthalene thiolate ligated clusters are strongly featured, including transitions at the low-energy end of the band that are coincident with phosphorescence of the free ligands (see below). Any luminescence from the ligand must be stimulated by excitation of the cluster because ligand absorption sets in at much shorter wavelengths than 410 nm, where the cluster was excited to obtain the spectra in Figure 2B . At the high-energy end of the spectrum (λ < 480 nm), the position of the absorption features correlates with changes to the lowest energy absorption maxima as the ligand is changed. These spectral features are reminiscient of those visible in spectra reported by Rosenthal and attributed to surface trap state pinning. 16 The emission color of the clusters is plotted using CIE chromaticity coordinates in Figure 2C , 21 clearly showing that the various ligands allow the luminescence color to be tuned.
Changes in the fluorescence line shape were further investigated by acquiring photoluminescence spectra at 77 K in a liquid nitrogen-cooled quartz Dewar (λ excitation = 410 nm) ( Figure 3 ). The luminescence from the benzoate-derived cluster blue shifts and narrows upon cooling, behavior characteristic of an excited state coupled strongly to vibrations, 22, 23 and luminescence from the 1-naphthoateterminated samples is replaced by a spectrum characteristic of naphthalene phosphorescence. 24 A photoluminescence excitation spectrum ( Figure 2D ) measured at 77 K shows that cluster excitation leads to ligand phosphorescence, suggesting the surface-trapped excited state sensitizes the naphthalene triplet.
25−28 These features from naphthalene phosphorescence (500, 539, 583, and 631 nm) overlap with the trap luminescence at room temperature. Photoluminescence spectra acquired at 77 K for the 4-thiomethyl-1-naphthoate, 1-naphthalene thiolate, and 2-naphthoate-terminated particles also show bright naphthalene-derived phosphorescence (see Figure 3S in the Supporting Information).
The phosphorescence observed at 77 K indicates an efficient energy transfer process between the trapped excited state and the ligand π-system. 29 Triplet−triplet energy transfer is spinforbidden by the Forster transfer mechanism 30, 31 and can proceed instead by an electron exchange mechanism known as Dexter energy transfer. This occurs by a through-bond process, 32 wherein electrons are exchanged in a correlated manner between the HOMOs and LUMOs of the donor and the acceptor, specifically between triplet states of the surfacetrapped excited state and the naphthalene ligands in our system. 30, 33 Such a mechanism requires the donor and the acceptor to be within 10 Å of one another because the efficiency of the energy transfer falls off exponentially with distance. 30−32 This short-range energy transfer is expected to be quite facile in our system where carboxylate ligands bind the cluster surface in a bidentate fashion, 9 separating the naphthalene unit from the clusters surface by only three bonds. 34 A scheme depicting surface electron trapping followed by energy transfer is shown in Scheme 1. At room temperature, we see both naphthoate phosphorescence and cluster trap emission, suggesting that the rates for Dexter energy transfer and emission from the trap state are comparable. At low temperature however, the rate of Dexter energy transfer is dominant and only naphthalene-based phosphorescence is observed (Figure 3 ). This may be explained by a more favorable relative orientation of the donor and the acceptor, 31 and by an increase in trap-state lifetime at low temperature. 14 A number of experiments indicate that the CdSe core is preserved among the series of benzoate and naphthoate-ligated clusters, despite clear differences in their absorption and fluorescence spectra. 35 For example, pair distribution functions (PDFs), obtained from the Fourier transform of the powder Xray diffraction data, for the benzoate and 1-naphthoate-derived clusters are essentially indistinguishable, implying a similar structure (Figure 4) . 36, 37 Changes to the empirical formula, Finally, ligand exchange reactions indicate that the as-grown 1-naphthoate cluster is a structural isomer of the other clusters. Ligand exchange was performed on the 1-naphthoate terminated clusters by combining them with 1−20 equiv of dodecylammonium benzoate or 1−20 equiv of tri-n-butylphosphine per cluster at room temperature. UV−vis spectroscopy allowed monitoring of the exchange process in situ where a gradual red shift and broadening occurred upon addition of the ligand, eventually leading to a spectrum characteristic of the benzoate cluster ( Figure 5 , 1 equiv tri-n-butylphosphine).
Changes were also visible in the photoluminescence spectrum, where the peak maximum ultimately shifted to longer wavelengths. Increasing the concentration of added carboxylate or phosphine caused more rapid changes, although the final absorption and photoluminescence spectra are the same in all cases. 1 H NMR spectroscopy suggests that ligand exchange is more rapid than changes to the optical spectra because a mixture of free and bound carboxylates display a single set of broadened NMR peaks, consistent with ligand exchange more rapid than the NMR time scale (see Figure 5S in the Supporting Information). On the other hand, the reverse exchange reaction, beginning with benzoate-derived clusters and 20 equiv dodecylammonium 1-naphthoate, does not cause the UV−vis spectrum to blue shift. Nanocrystals isolated from this reaction display 1 H NMR spectroscopic features characteristic of surface bound naphthoate rather than benzoate ligands. (see Figure 4S in the Supporting Information).
These results suggest that a structural reorganization of the as synthesized 1-naphthoate-derived cluster causes the lowest energy absorption to shift from 409 to 420 nm. Displacement of the 1-naphthoate ligands by benzoate might cause a structural relaxation of the cluster by relieving the steric influence of the 1-naphthoate. On the other hand, 1 equiv of tri-n-butylphosphine causes the conversion of the starting to final structure without exchanging the 1-naphthoate ligands. In addition, exchanging the benzoate ligands for 1-naphthoate does not produce a corresponding spectral blue shift. As a result, we believe the structure formed from cadmium 1-naphthoate and DPPSe is likely a kinetic product that is energetically uphill from the structure made from cadmium benzoate or the clusters with the spectra shown in Figure 2A . Furthermore, the smooth red shift seen in the lowest energy absorption maximum during the ligand exchange experiments, rather than isosbestic behavior, particularly with tri-nbutylphosphine, indicates there are a distribution of intermediate structural isomers that contribute to the position and breadth of the spectra of these compounds. Such changes must be subtle variations in the structure that are not clearly visible in the PDF and perhaps arise from changes to the coordination geometries of surface atoms. Evidence for such surfacefunctionalization-dependent excitonic absorption features has recently been provided in a study of larger II−VI semiconductor nanocrystals. 39 In conclusion, we have synthesized cadmium selenide clusters stabilized by a series of naphthoate and naphthalene thiolate surface ligands. The results of atomic PDF analysis, ligand exchange reactions, and molecular weight analysis support a series of clusters with the same core formula, whose optical transitions are influenced by the steric profile of the ligands. In the case of 1-naphthoate, steric encumbrance leads to crystallization of a higher energy structure that can be isomerized by the addition of phosphine or carboxylate ligands. This has important implications for quantum dot analysis more generally, as the traditional sizing formulas 40−42 do not take into account any surface or ligand effects, which have important consequences for the energy and shape of the lowest energy electronic transition at small sizes. 43 Photoluminescence spectra obtained at 77 K show the broad cluster emission is replaced by ligand phosphorescence, suggesting efficient energy transfer between a surface trapped excited state and a naphthalene triplet state via a through-bond Dexter transfer mechanism. Ligand phosphorescence also contributes to the luminescence at room temperature, resulting in spectra that are sensitive to the ligand structure as well as the geometry of the core. Together these results highlight the important role of surface chemistry in tailoring the optical properties of small nanocrystals, opening up further avenues for their exploration in lighting and biological sensing applications. 
